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Abstract
We study the effects of a vector-like SU(2) quark doublet as a fourth gen-
eration. In this model we examine the chiral structure and the FCNC in the
quark sector by using radiative B meson decays in the allowed region for pa-
rameters fromRb = Γqq/Γhad.. We compute the ratioR = Br(b→ d γ)/Br(b→ s γ)
in the model which realizes a different chiral structure as well as FCNC. The
constraints has been extracted from the experimental results of B meson de-
cays, the Tnew parameter of oblique corrections and Rb. Under the natural
assumption that the violation of the V −A structure in the light-quark sector
is small, we can determine the allowed region for most of the mixings param-
eters and the vector-like quark masses. We show that there will be significant
deviations in R from the SM prediction due to the FCNC’s and the violation
of the V −A structure.
∗On leave from P3FT-LIPI, Indonesia. E-mail address : handoko@theo.phys.sci.hiroshima-
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†E-mail address : yosikawa@theory.kek.jp
I INTRODUCTION
The unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the universal
V − A structure of the interactions between the SU(2)L gauge bosons, quarks and
leptons are two of the remarkable predictions of the SU(2)L × U(1)Y electroweak
interactions. Deviations from these predictions would indicate new physics which
should be directly detected in future high-energy experiments. At present, radiative
B decays provide an important test of the Standard Model (SM) and provide a
sensitive probe of physics beyond the SM. The current result of the CLEO collab-
oration [1] gives a measurement of Br(b → s γ), and in the future it is expected
that the Br(b → d γ) will also be determined. There is also an effort to search
for flavor changing neutral currents (FCNC) in B meson decays [2]. On the other
hand, there were also discrepancies between the SM prediction for and experimental
measurement of Rb, which is also a probe of new physics [3]
1. These experiments
provide further motivation of this study. To explain the discrepancy many exten-
sions of the SM have been presented. As the simplest extension of the SM, models
that explain the data by using a new flavor mixing from a vector-like quark as a
fourth generation have been proposed by Ref. [6, 7]. Here, we introduce an SU(2)
doublet of vector-like quarks in addition to the ordinary quarks in the SM. In the
previous work of Ref. [7] one of the authors showed that there is an allowed re-
gion for new flavor mixing between right handed third generation and the fourth
generation which is consistent with satisfies the measured value of Rb. In that case
the mixing parameters must be large. If Rb is consistent with the SM prediction,
their region for large mixing remains.(See Fig. 1.) We interested in the new allowed
region. This provides a real model for the deviation of V −A chiral structure in the
charged-current(CC) sector as pointed out in Ref. [8]. At the same time, this also
provides FCNC’s in up and down quark sectors at once [9, 10]. In this work, we
examine whether the region remains after including the constraints from radiative
1The latest report [4] point that the experimental result is consistent with the SM prediction.
However the 1996 world average value of Rb [5] is not still consistent.
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B decays and oblique corrections.
Introducing a doublet vector-like quarks will violate the V − A structure of the
SM. This possible violation could provide useful information on new properties of the
quarks at higher energy scales as well as the origin of parity violation [8]. Anyway,
the induced FCNC due to the addition of the singlet or doublet vector-like quark has
been studied by many authors, for example in [9, 11]. In this paper, we study these
FCNC’s by using the ratio R = Br(b→ d γ)/Br(b→ s γ) which is a sensitive probe
to study the violation of CKM matrix as pointed out in [12]. The constraints for the
model are extracted from the experimental measurements of b → s γ process, the
Tnew parameter of oblique corrections and also Rq = Γqq/Γhad.. Further constraints
will be obtained under the natural assumption that the violation of V −A structure
in the light-quarks sector is small.
This paper is organized as follows. In Sec.II we briefly describe the model and
show how the violation of the V − A structure and FCNC’s appear. In Sec.III, we
review the constraints from Rb on the mixing parameters. In Sec.IV, we describe the
radiative B decays in the model. In Sec.V, some constraints from the experimental
results for the vector-like quark masses, the size of FCNC and the CKM matrix
for right-handed quarks are given. Before going to the conclusions, in Sec.VI the
numerical results which show the effects on R are presented.
II THE MODEL
We study the SM extended with an SU(2) vector-like quark doublet as a fourth
generation. In this extension, the charge assignments of the quark sector under the
electroweak symmetry SU(2)L ⊗ U(1)Y are,
Q˜iL =
(
u˜i
d˜i
)
L
→
(
2, 1
3
)
,
u˜iR →
(
1, 4
3
)
,
d˜iR →
(
1,−2
3
)
,
Q˜4L/R =
(
u˜4
d˜4
)
L/R
→
(
2, 1
3
)
.
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Because the vector-like quarks are an SU(2) doublet, the left-handed and right-
handed chiralities have the same charge under an SU(2)L transformation. The tilde
on the fields denotes weak-eigenstate quark fields, i denotes the flavor, and, as usual
the chiralities are QL/R ≡ (1∓ γ5)Q/2.
There is an ambiguity in reproducing the masses of the vector-like quarks, but
the study should not be altered with the choice. In this paper we adopt the same
procedure and notations as Ref.[11]. We consider one Higgs doublet which is the
same as in the SM and introduce explicit bare-mass terms for the vector-like quarks.
Then, the Lagrangian for the Yukawa sector becomes,
LY = −fdαi ¯˜QL
α
φ d˜iR − fuαi ¯˜QL
α
φ˜ u˜iR − fα4 v′ ¯˜QL
α
Q˜4R + h.c. , (1)
with i = 1, 2, 3 and α = 1, 2, 3, 4. In order to obtain the masses and mass eigenstates,
we must diagonalize the Yukawa couplings above as follows:
DL
(
fαid
v√
2
, fα4v′
)
D†R = md, (2)
UL
(
fαiu
v√
2
, fα4v′
)
U †R = mu, (3)
where md and mu are the diagonalized mass matrices and DL/R and UL/R are 4× 4
unitary matrices which relate the weak-eigenstates to the mass-eigenstates as,
d˜αL/R ≡ DL/Rαβ dL/Rβ , (4)
u˜αL/R ≡ UL/Rαβ uL/Rβ , (5)
where α and β denote the flavor for four generations. Note that fα4 in both the up
and the down sectors must have same value in the third term of Eq. (1), because
the term show the SU(2) invariant mass of vector-like doublet quark. Hence there
is a relation between the up and the down sector as follows:
fα4 v′ ≡ (DL†)αβmdβDRβ4 = (UL†)αβmuβ URβ4 . (6)
Here, we give a brief description of how the violation of the V − A structure
is realized. As an example, we show only the W± and Z sectors. The original
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interactions in the weak-eigenstates are,
LZ = g
2 cos θW
[
¯˜u
α
Lγ
µ
(
1− 4
3
sin2 θW
)
u˜αL + ¯˜u
i
Rγ
µ
(
−4
3
sin2 θW
)
u˜iR
+¯˜u
4
Rγ
µ
(
1− 4
3
sin2 θW
)
u˜4R
+
¯˜
d
α
Lγ
µ
(
−1 + 2
3
sin2 θW
)
d˜αL +
¯˜
d
i
Rγ
µ
(
2
3
sin2 θW
)
d˜iR (7)
+¯˜d
4
Rγ
µ
(
−1 + 4
3
sin2 θW
)
d˜4R
]
Zµ,
LW± = g√
2
(
¯˜u
α
L γ
µ d˜αL + ¯˜u
4
R γ
µ d˜4R
)
W±µ + h.c. , (8)
because the left and right handed fourth generation quarks are in an SU(2) doublet.
The transformation into the mass-eigenstates gives,
LZ = g
2 cos θW
[
u¯αLγ
µ
(
1− 4
3
sin2 θW
)
uαL + u¯
α
R
(
γµ − 4
3
sin2 θW
)
uαR
+u¯αRγ
µ
(
Uα4R U
†
R
4β
)
uβR
+ d¯αLγ
µ
(
−1 + 2
3
sin2 θW
)
dαL + d¯
α
Rγ
µ
(
2
3
sin2 θW
)
dαR
+d¯αRγ
µ
(
−Dα4R D†R
4β
)
dβR
]
Zµ, (9)
LW± = g√
2
[
u¯L
α γµ
(
UL
αδD†L
δβ
)
dL
β + u¯R
α γµ
(
UR
α4D†R
4β
)
dR
β
]
W+µ + h.c. ,
(10)
where we have used Eqs. (4) and (5). The vector-like doublet quark induces FCNC
in the up and down right-handed quark sectors, which for convenience we describe
in the following way,
zd
αβ ≡
3∑
i=1
DR
αiD†R
iβ
= δαβ −DRα4D†R
4β
, (11)
zu
αβ ≡
3∑
i=1
UR
αi U †R
iβ
= δαβ − URα4 U †R
4β
, (12)
by using unitarity of UL/R and DL/R matrices. zq (q = u, d) indicates the size of the
induced FCNC’s [9]. In the case where α = β, one finds zd
αα = 1 −
∣∣∣DRα4∣∣∣2 and
zu
αα = 1 −
∣∣∣URα4∣∣∣2. On the other hand, in the CC sector the right CKM matrix
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includes new effects. UL
αδ V †L
δβ
and UR
α4 V †R
4β
show the left and right CKM matrices
in Eq. (10).
VLCKM
αβ ≡
4∑
ρ=1
UL
αρD†L
ρβ
, (13)
VRCKM
αβ ≡ URα4D†R
4β
. (14)
We use the ratio of the elements of left and right CKM matrix for convenience
to make comparison with the SM’s one and give the bounds from the experimental
results. The ratio must be defined as
V αβ ≡ VRCKM
αβ
VLCKM
αβ
=
∣∣∣∣∣VRCKM
αβ
VLCKM
αβ
∣∣∣∣∣ eiθαβ , (15)
where
θαβ ≡ arg
(
VRCKM
αβ
VLCKM
αβ
)
. (16)
This phase factors should induce new CP violation sources in the model as generally
a 4×4 matrix has three phases.
∣∣∣V αβ∣∣∣ indicates the size of the violation of the V −A
structure in the theory. Note that in general VRCKM is not a unitary matrix, while
VLCKM retains its unitarity. This point is differs from the singlet vector-like quark
model [9, 11] which violates the unitarity of VLCKM .
Substituting the above relations into Eq. (1), the Lagrangian for the neutral and
charged Higgs sector becomes,
LH,χ0 = − g
2MW
q¯α zq
αβmβq Rq
β
(
H ∓ i χ0
)
+ h.c. , (17)
Lχ± = g√
2MW
u¯α VLCKM
αβ
[(
1− V αβm
β
d
mαu
)
mαu L
−
(
1− V αβm
α
u
mβd
)
mβd R
]
dβ χ+ + h.c. , (18)
where the upper sign is for q = u and the lower one is for q = d. The same procedure
gives the Lagrangian for the gauge boson quark sector,
LA = g sin θW Qq q¯α γµ qαAµ , (19)
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LZ = ± g
2 cos θW
q¯α γµ
[
gq δ
αβ L±
(
gq δ
αβ − zqαβ
)
R
]
qβ Zµ , (20)
LW± = g√
2
u¯α VLCKM
αβ γµ
(
L+ V αβ R
)
dβW µ+ + h.c. . (21)
Here θW is the Weinberg angle, gq ≡
(
1∓ 2Qq sin2 θW
)
, and Qq is the electric charge
(Qu = 2/3 and Qd = −1/3). Therefore, in the present model, the violation of the
V − A structure appears in the CC sector (Eqs. (18) and (21)), while the FCNC’s
appear in the neutral-current(NC) sector (Eqs. (17) and (20)). It is clear that when
one puts V αβ = 0 and zq
αβ = δαβ , the SM Lagrangian is restored.
In this model there are many newly introduced parameters. Hence, for simplicity,
we make the following assumptions: (A) the SM-like 3×3 matrix is retained for the
left-handed CKM matrix, i.e.,
VLCKM ∼
(
VCKM −×
× 1
)
, (22)
and (B) there are right-handed mixings among the heavy quarks but not among the
light quarks. This can be realized by using a special form of the unitary matrices
UR and DR as follows:
∼


1 × × ×
× 1 × ×
× × cos θU/D − sin θU/D
× × sin θU/D cos θU/D

 , (23)
which permits possible large mixings between the third and fourth generations of
right-handed quarks. ‘×’ denotes a small (≪ 1) but non-zero element.
III CONSTRAINT FROM Rb
Ref.[7] showed that there are regions allowed by the measurement of Rb for nonzero
values of the mixing parameters between the third and the fourth generations. The
value of the parameter | D34R |2 had to be larger than 4 sin2 θW/3.
Rb is defined as Rb ≡ Γ(Z → b b¯)/Γ(Z → hadrons). An estimate for the upper-
bound of
∣∣∣DR34∣∣∣ can be extracted [6, 7], that is
Rb =
Γbb
Γuu + Γcc + Γdd + Γss + Γbb
, (24)
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Figure 1: Rb as a function of | D34R |
where
Γqiqi ≡
(
giq + δSM
qiqi
)2
+
(
giq − zqq
iqi
)2
, (25)
with δSM
qiqi is the one-loop corrections of Z → qi q¯i within the SM, and all of the
fermion masses are neglected.
∣∣∣DR34∣∣∣ appears in eqs.(25) through zdbb according
to Eqs. (11). Since δSM
qiqi ’s are insignificant except for qi = b, in the numerical
calculations we will keep the one-loop correction only in Γbb [3]. From Eq. (25),
Γbb =
(
1− 2
3
sin2 θW + δSM
bb
)2
+
(
−2
3
sin2 θW +
∣∣∣DR34∣∣∣2
)2
. (26)
In Fig. 1 Rb is shown as a function of
∣∣∣DR34∣∣∣ for Rc = 0.172 and δSMbb = −0.011.
From the figure, we find the parameter
∣∣∣DR34∣∣∣ must be larger than 0.55 when the
measurement values of Rb is larger than the SM prediction. For Rb = 0.2178±0.0011
and Rc = 0.172 [5] the bound is
0.57 <
∣∣∣DR34∣∣∣ < 0.59 . (27)
Even if the experiment of Rb is consistent with the SM, the figure shows that the
region for large value of
∣∣∣DR34∣∣∣ may be survive.
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However, if
∣∣∣DR34∣∣∣ has a large value, from Eq. (14), V 33RCKM may also be large,
or U34R may be very small.
IV RADIATIVE B DECAYS
Next, We consider radiative B decays in the model. After calculating the relevant
Feynman diagrams including the neutral Higgs contributions, we find the amplitude
for on-shell B → Xdl γ up to second order in the external momenta as below,
T =
GF e
8
√
2π2
V ∗LCKM
tdl VLCKM
tbQu d¯l(p
′)
× [γµ, γνqν ] (FL(mdl)mdl L+ FR(mdl)mbR) b(p) ǫµ , (28)
with
FL(mdl) =
∑
i=t,u4
V ∗LCKM
idl VLCKM
ib
V ∗LCKM
tdl VLCKM
tb
[(
1 + V ∗idl V ib
mb
mdl
)
F1(xi)
+V ∗idl F2(xi, mdl) +
(
1− V ∗idl mi
mdl
)
F3(xi)
]
−Qd
Qu
zd
dlb
V ∗LCKM
tdl VLCKM
tb
[
gd F4(rdl) +
∣∣∣DR44∣∣∣2 (F5(rd4 , wd4) + F6(rd4))
+
1
3
(∣∣∣DR14∣∣∣2 + ∣∣∣DR24∣∣∣2 + ∣∣∣DR34∣∣∣2
)]
, (29)
FR(mdl) =
∑
i=t,u4
V ∗LCKM
idl VLCKM
ib
V ∗LCKM
tdl VLCKM
tb
[(
1 + V ∗idl V ib
mdl
mb
)
F1(xi)
+V ib F2(xi, mb) +
(
1− V ibmi
mb
)
F3(xi)
]
−Qd
Qu
zd
dlb
V ∗LCKM
tdl VLCKM
tb
[
gd F4(rb) +
∣∣∣DR44∣∣∣2 (F5(rd4 , wd4) + F6(rd4))
+
1
3
(∣∣∣DR14∣∣∣2 + ∣∣∣DR24∣∣∣2 + ∣∣∣DR34∣∣∣2
)]
, (30)
where xi ≡ (mi/MW )2, rα ≡ (mα/MZ)2 and wα ≡ (mα/MH)2. For simplicity we
have employed the relations
z†d
dlα
zd
αb ≃


0 for α = dl, b
−zddlb
∣∣∣DRα4∣∣∣2 for α 6= dl, b (31)
by using Eq. (11) and the approximation that rdi ≃ wdi ≃ 0. Then F5(rdi , wdi) ∼ 0
and F6(rdi) ∼ 1/3. On the other hand, F5(rd4 , wd4) and F6(rd4) could be significant.
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One assumption here is that VRCKM
uidj for ui = u, c and dj = dl, b are negligible
compared with the other elements. This assumption and how it is realized will be
discussed in detail in the next section. On the other hand, since the unitarity of
VLCKM is still retained, the relation
V ∗LCKM
udlVLCKM
ub+V ∗LCKM
cdlVLCKM
cb = −V ∗LCKMtdlVLCKMtb−V ∗LCKMu
4dlVLCKM
u4b
(32)
is valid. Similar to Eq. (15), there are also phase factors which induce CP violation
from the mixings of FCNC, that is
zd
dlb
V ∗LCKM
tdl VLCKM
tb =
∣∣∣∣∣ zd
dlb
V ∗LCKM
tdl VLCKM
tb
∣∣∣∣∣ eiθdl , (33)
with
θdl ≡ arg
(
zd
dlb
V ∗LCKM
tdl VLCKM
tb
)
. (34)
Each function in Eqs. (29) and (30) includes the contributions of each diagram.
That is, F1,3, F2, F4,6 and F5 come from the W
±, χ±, Z and neutral Higgs (H , χ0)
exchange diagrams respectively. These functions are given by
F1(x) = x
[−113 + 151 x+ 28 x2
72 (1− x)3 −
8 + 2 x− 21 x2
12 (1− x)4 ln x
]
, (35)
F2(x,m,mi) = 4
1− x2 + 2 x ln x
3 (1− x)3 − 2
mi
m
3− 4 x+ x2 + 2 ln x
(1− x)3 , (36)
F3(x) = x
[
25− 53 x+ 22 x2
36 (1− x)3 +
4− 8 x+ 3 x2
6 (1− x)4 ln x
]
, (37)
F4(x) =
−10 + 5 x− 11 x2
6 (1− x)3 −
3− 4 x
(1− x)4 x ln x , (38)
F5(x, y) = x
[−20 + 19 x− 5 x2
24 (1− x)3 −
2− x
4 (1− x)4 ln x
]
−y
[−16 + 29 y − 7 y2
24 (1− y)3 −
2− 3 y
4 (1− y)4 ln y
]
, (39)
F6(x) =
4− 9 x− 5 x3 − 6 x(1− 2 x) ln x
12 (1− x)4 . (40)
From these results, one can predict the possible enhancements for the violations
of V − A structure as well as FCNC. The enhancement of the violations of V − A
structure is possibly large as there are some terms proportional to the third- and
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fourth-generation up-quark masses which are assumed to be large (mu4 > mt ∼
174(GeV)). Also in the present model one can not neglect the left-handed term of
the amplitude as is always done in the simplified SM calculations with same reason.
V CONSTRAINTS FOR THE MIXINGS AND MASSES
Before doing further evaluation, we impose experimental constraints on the mixing
parameters and vector-like quark masses of Eqs. (29) and (30). First, consider
the mixing parameter zd
dlb which indicates the FCNC in the dlb sector. Using the
experimental results [13, 14], one finds the upper-bounds for them as,
∣∣∣zddlb∣∣∣ ≤ 1.7× 10−3 , (41)
from Br(B → Xdl µ+ µ−) ≤ 5 × 10−5 under an assumption that the Z-mediated
tree-level Feynman diagram is dominant [11]. For i = t and dl = s, one finds the
ratio of mixing in Eqs. (29) and (30) as follows:
∣∣∣∣∣ zd
sb
V ∗LCKM
ts VLCKM
tb
∣∣∣∣∣ ≤ 4.0× 10−2 , (42)
from the assumption (A) of Sec.II for left-handed CKMmatrix elements,
∣∣∣VLCKMts∣∣∣ ∼∣∣∣VLCKMcb∣∣∣ ∼ 0.042 and ∣∣∣VLCKMtb∣∣∣ ∼ 1 [13]. We find that the contribution from the
zd
lb
d (d
l 6= b) term is small enough to neglect.
Our next task is determining the bound on the vector-like quark masses, mu4
and md4 , and the mixings
∣∣∣V tdi ∣∣∣ and ∣∣∣V u4di ∣∣∣ which can be done by considering the
experiment measurement of B → Xs γ process and the Tnew parameter. The ratio
of branching ratio is given as,
Br(b→ dl γ)
Br(b→ c l ν) =
3αQu
2
2 π f(mc2/mb2)
∣∣∣∣∣V
∗
LCKM
tdl VLCKM
tb
VLCKM
cb
∣∣∣∣∣
2 (
mdl
2
mb2
FL(mdl)
2 + FR(mdl)
2
)
.
(43)
which is normalized by the semileptonic decay b→ c l ν to reduce the uncertainties
due to mb and the left CKM matrix element, especially for dl = s. The phase space
factor is
f(y) ≡ 1− 8 y + 8 y3 − y4 − 12 y2 ln y , (44)
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Figure 2: The allowed upper-bounds for |V ts| and
∣∣∣V tb∣∣∣ from b→ s γ.
and equals 0.520 for mc/mb = 0.3 [15]. Note that the left handed term is kept
because there is a possible enhancement due to the heavy quark mass from the
mi/m term in Eq. (36).
Now we can determine the upper-bounds for |V ts| and
∣∣∣V tb∣∣∣. Fortunately, the
b → s γ process, the contribution of FCNC with the upper-bound in Eq. (42) is
negligible [11]. By putting VLCKM
u4s = 0 at once and using the value, Br(B →
Xs γ) = 5 × 10−4, Br(B → Xc l ν) = 0.12 and the maximum phase factors θs =
θts = 0, we find the upper-bounds as depicted in Fig. 2. Here we find that the∣∣∣V tb∣∣∣ ∼ ∣∣∣V tbR
∣∣∣ must be less than 0.0052. These results are reasonable because the
b→ s γ process can be explained within the SM, hence the contribution of the new
physics should be small.
We find that the upper bound of
∣∣∣V tbR ∣∣∣ from b → sγ. Hence, we can find the
upper bound of |U34R | by using the relation for the right CKM matrix (14) and these
bounds from b→ sγ and Rb(27).
∣∣∣U34R ∣∣∣ < 0.0092. (45)
Lastly, we are going to use Tnew to determine the allowed regions of
∣∣∣UR34∣∣∣. The
12
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Figure 3: The dependence of Tnew on |D34R | for md4 = 250 (GeV) (thick solid line),
md4 = 300 (GeV) (thin solid line), md4 = 350 GeV) (thin dashed line) andmd4 = 400
GeV) (thick dashed line) with
∣∣∣VLCKMtd4 ∣∣∣ = 0.01.
interactions between the gauge bosons and the quarks which contribute to the T
parameter are,
LW 1,3 = g
2
{
±q¯α γµW 3µ
[
δαβ L+
(
δαβ − zqαβ
)
R
]
qβ
−u¯α γµW 1µ VLCKMαβ
(
L+ V αβ R
)
dβ + h.c.
}
. (46)
The T parameter becomes
T =
Nc
32 πMZ
2 sin2 θW cos2 θW
4∑
α,β
{
2
∣∣∣VLCKMαβ∣∣∣2 f(muα , mdβ)
(
1 +
∣∣∣V αβ ∣∣∣2)
−16 g(muα, mdβ) VLCKMαβ ReV αβ
−f(muα , muβ)
[
δαβ +
(
δαβ − zuαβ
)2]− f(mdα, mdβ)
[
δαβ +
(
δαβ − zdαβ
)2]
−8 h(muα)
∣∣∣URα4∣∣∣2 − 8 h(mdα) ∣∣∣DRα4∣∣∣2
}
, (47)
from the definitions of T parameter presented by Ref.[16]. Nc is the number of color.
These auxiliary functions are defined as,
f(x, y) ≡ x2 + y2 − 2 x
4 ln x2 − y4 ln y2
x2 − y2 , (48)
13
0.5
0.55
0.6
0.65
0.7
0.75
200 250 300 350 400
|D34R |
md4
Figure 4: The upper bound of |D34R | and md4 from the bound of TNEW for∣∣∣VLCKMtd4 ∣∣∣ = 0 (thick line), ∣∣∣VLCKMtd4 ∣∣∣ = 0.01 (thin line), ∣∣∣VLCKMtd4 ∣∣∣ = 0.02
(dashed line). The dotted lines show the bound,eq.(27) from Rb.
g(x, y) ≡ x y
(
1− x
2 ln x2 − y2 ln y2
x2 − y2
)
, (49)
h(x) ≡ x2 ln x2 . (50)
The Tnew parameter is found by subtracting the SM contribution. According to Eqs.
(6), (13) and (14), one finds the following mass relations,
δαβmd
β DR
β4D†R
4σ
= V †LCKM
αβ
mu
β VRCKM
βσ , (51)
δαβmu
β UR
β4 U †R
4σ
= VLCKM
αβmd
β V †RCKM
βσ
. (52)
Both equations yield a relation between mu4 and md4 , and U
34
R (∼ sin θU) and D34R (∼
sin θD) under the assumptions (A) and (B) ( Eq.(22) and Eq.(23) ).
mu4 =
1
cos θU
(
−mb VLCKMtd4 sin θD +md4 cos θD
)
, (53)
sin θU =
mb
mt
sin θD − md4
mt
VLCKM
td4 cos θD (54)
Using these relations, we can simplify our expression for Tnew and plot the figures.
Fig.3 shows Tnew vs |D34R |. Fig.4 shows the upper bound on |D34R | and md4 from the
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Figure 5: The lower bound of |U34R | from the bound |D34R | > 0.55 and the upper
bound of TNEW for
∣∣∣VLCKMtd4 ∣∣∣ = 0 (thick line), ∣∣∣VLCKMtd4 ∣∣∣ = 0.005 (thick dashed
line),
∣∣∣VLCKMtd4 ∣∣∣ = 0.01 (thin line), ∣∣∣VLCKMtd4 ∣∣∣ = 0.02 (thin dashed line). The
dotted line show the upper bound from Rb and b→ sγ(Eq. (45)).
upper bound of Tnew, (Tnew < 0.55 for mt = 175GeV and mH = 1TeV )[13, 17]. By
using the eq. (54), we obtain the lower bound on |U34R | from the lower bound of
|D34R | (> 0.55) that is the bound when there is the deviation from the SM prediction
in Rb.(See the Fig.1.) In the figures we put mt = 175 (GeV), mb = 5 (GeV)
and
∣∣∣VLCKMtd4 ∣∣∣ ∼ ∣∣∣VLCKMu4b∣∣∣, and also neglect tiny contributions from the mixings
between light-quarks and the fourth generation quarks.
Unfortunately, after calculating Tnew we find that there is no allowed region for
Tnew < 0.55 for any values of vector-like quark masses (mu4 and md4) consistent with
assumption (A) of Sec.II of left-handed CKM matrix. When
∣∣∣V td4LCKM ∣∣∣ = 0, Fig. 4
shows that m4d is less than about 300GeV, and Fig. 5 shows that there is no region
to satisfy the bound of |U34R |, Eq. (45). Therefore, let us use more general of the
LCKM matrix for further analysis. If
∣∣∣VLCKMtd4 ∣∣∣ 6= 0, in Figs. 4 and 5, the allowed
regions for vector-like quark mass md4 for some values of |U34R |, |D34R | and
∣∣∣VLCKMtd4 ∣∣∣
are plotted by using Eqs. (47), (53) and (54).
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Figure 6: R as a function of θu4b (thick line) with θd = θu4d = 0, θd (dashed line)
with θu4b = θu4d = 0 and θu4d (thin line) with θu4b = θd = 0.
VI EFFECTS IN THE RATIO R
Now we are ready to evaluate the contributions of the FCNC’s and the violation of
V −A structure to the ratio R. Note that, in the present paper, the QCD corrections
are not included. R is defined as
R ≡ Br(b→ d γ)
Br(b→ s γ) . (55)
Then, from Eq. (43),
R =
∣∣∣∣∣VLCKM
td
VLCKM
ts
∣∣∣∣∣
2
(md
2/mb
2) FL(md)
2 + FR(md)
2
(ms2/mb2) FL(ms)
2 + FR(ms)
2
. (56)
The type B → Xd γ decay has not been observed yet, but upper-bounds have been
obtained from the exclusive decays B → (ρ−, ρ0, ω) γ [18]. Then, within the SM,
∣∣∣∣∣VLCKM
td
VLCKM
ts
∣∣∣∣∣ < 11.8 , (57)
has been extracted, and theoretically the ratio becomes R < 0.31. We have to
include all of FCNC’s effects because the contributions are not negligible [11]. How-
ever, under the assumption and experimental bounds in the preceding section, the
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terms
∣∣∣DRi4∣∣∣2 can be neglected safely, since they are small compared to the diagonal
ones.
According to the results of the preceding section, for further numerical calcu-
lations, we put |D34R | = 0.58, |U34R | = 0.004, md4 = 290 (GeV), sin2 θW = 0.234,
MH = 500 (GeV) and mt = 174 (GeV), mb = 5 (GeV). With these values, one
finds respectively
∣∣∣DR44∣∣∣ ∼ 0.815, ∣∣∣V tb∣∣∣ = 0.002, ∣∣∣V u4b∣∣∣ = 0.006, |V ts| ∼ 0.033 and∣∣∣V u4s∣∣∣ ∼ 3.7. On the other hand, rough order estimations by considering unitarity
of VLCKM and Eq. (23), gives
∣∣∣V u4d∣∣∣ ∼ 0.01, ∣∣∣V ∗LCKMu4d VLCKMu4b/V ∗LCKMtd∣∣∣ ∼ 0.01,∣∣∣V td∣∣∣ ∼ 0.01 and ∣∣∣zddb/VLCKMtd∣∣∣ ∼ 0.1. In Fig. 6, the ratio is depicted as a function
of the phases, θd, θu4d and θu4b. On the other hand, since the contributions from the
terms of V td and V tb are comparably small, the deviations due to its phase should
be negligible.
VII CONCLUSIONS
The effects of extending the SM by including a vector-like doublet of quarks on
the FCNC and the violation of V − A structure on the ratio R has been studied.
Including the constraints from experimental results, we found that there will be
significant deviations in R even for small mixings.
To satisfy the constraints from Rb, b→ sγ and the T parameter on the vector-like
doublet model, md4 must be less than about 350 (GeV) and
∣∣∣V td4LCKM ∣∣∣ 6= 0. However
an allowed region still exists even if |D34RCKM | has a large value.
Lastly, because the experimental constraint of Eq. (57) is not strong, improved
data and the eventual detection of the type B → Xd γ decays will provide an
important test of the SM and will further constrain the present model.
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